The deficiency in rainfall leads to meteorological droughts. Its manifestations are visible both in the vegetation cover and soil moisture. The present study assessed the characteristics of agricultural drought following meteorological droughts. The study also assessed the severity of meteorological droughts and their manifestation on the agriculture and soil moisture in a semi-arid area. The study has been carried out for the Malaprabha sub-basin which partly covers three districts of North Interior Karnataka, India. India Meteorological Department's (IMD) criteria have been used to identify the drought years, and its severity has been assessed through the Standard Precipitation Index (SPI). The IMD's monthly rainfall data were used to identify the drought years and periods for the region. Among the drought years, the mild, moderate, and severe drought along with deficit and excess rainfall years were considered to assess and characterize the soil moisture conditions and the agricultural drought. The satellite image based indices for these selected years were constructed to determine the soil moisture conditions and the agricultural drought severity. The Temperature-Vegetation Dryness Index (TVDI) was used to determine the soil moisture conditions. The indices employed to determine the agriculture drought are NDVI, Thermal Condition Index (TCI), Vegetation Condition Index (VCI), and Vegetation Health Index (VHI). These satellite-based indices were calculated using the Landsat images of the selected drought and non-drought years. The results showed that the seasonal and annual drought are frequent in the study area. There are spatial and temporal variations in the drought years and their severity. The satellite-based indices clearly indicate the spatial variation in the agriculture droughts and its intensity. It has been found that the impact of drought on agriculture has significantly reduced due to the development of well-irrigation in the sub-basin. VHI is more appropriate in determining the agricultural drought and its characteristics.
INTRODUCTION
Drought is a natural climatological phenomenon due to deficit rainfall than the normal received in an area. In the context of agriculture, it manifests in the form of inadequate supply of water to meet crop water requirements either from rainfall or irrigation. Once there is a negative departure of rainfall from the normal, drought begins to manifest initially in the form of soil moisture deficiency and consequently as vegetation stress leading to its wilting. Drought has spatial and temporal manifestations (Mallya et al., 2015) . It is imperative to understand the spatial manifestation of drought and its effect on soil moisture and crops to ensure food security and also sustainable cropping activities through crop insurances. The proper assessment of annual and seasonal droughts is essential for developing a drought information system for crop management. Several studies have developed indices to assess the magnitude, duration, and spatial extent of droughts (Mishra and Singh, 2010; Zargar et al., 2011) .
The intensity and extent of drought depend upon the climatic characteristics of the region ( Svoboda et al., 2012) along with the magnitude of rainfall deficiency and antecedent moisture conditions of the soil (Waseem et al., 2016) . The indices are used to identify and characterize the droughts (Zargar et al., 2011) . Earlier indices such as the Palmer drought severity index (Palmer, 1965) , Bhalme and Mooly drought index (Bhalme and Mooley, 1980) , standard precipitation index (McKee et al., 1993, * Corresponding author 1995) and a more recent index, standardized precipitation evapotranspiration index (Vicente-Serrano et al., 2010) , used either a single or combination of climatic elements to identify and quantify the drought characteristics. Use of these indices is limited by the availability of climate data for a reasonable period in the vicinity of the area of interest. These limitations are surpassed by the advent of optical satellite remote sensing wherein periodic satellite images are available to continuously monitor the drought initiation and progression. First noticeable manifestation of drought in vegetation is found in agricultural crops, wherein the health of crop deteriorates consequential to the reduced photosynthetic activity, which is easily captured in multispectral satellite images. Thus, satellite remote sensing has been extensively used for assessing these agriculture water stresses and droughts ( Rojas, 2011; Basso et al., 2004; Sholihah et al., 2016) . Drought monitoring can also be carried out by using satellite images and by deriving appropriate indices (Gouveia et al., 2017; Kogan, 1997; Vicente-Serrano et al., 2015) . The advantage of satellite remote sensing is that drought can be identified and assessed well in advance than it is identified through conventional methods. Drought intensifies as and when high atmospheric temperature concurrently prevails with low soil moisture conditions. In such situations, the vegetation health due to atmospheric temperature can be effectively analyzed using satellite images. There are many satellite-based agriculture drought assessment indices that are developed based on the satellite remote sensing. The vegetation health index (VHI) is the most widely used satellite image-based index for drought monitoring and characterization (Bento et al., 2018) . This paper assessed the agricultural drought and soil moisture conditions in a tropical river catchment under different meteorological drought conditions. It also examined how the severity of the drought is offset by the improvement in water harvesting and irrigation infrastructure. The study also explored the use of satellite remote sensing based soil moisture and drought indices for this purpose.
MATERIALS AND METHODS

Study area
The study was carried out in the Malaprabha sub-basin of the river Krishna, located in the North Interior Karnataka meteorological subdivision. The major area of sub-basin lies in Belgaum, and small portions in Gadag and Bagalkot districts (Figure 1 ). The region experiences hot and humid climate. The western part of the basin, located in the Western Ghats, is more humid than the eastern part, which is dry. March to May is the summer season, and April experiences the highest maximum temperature. June to September is the monsoon season while October and November is the post-monsoon season. December to February is the winter season and December has the lowest minimum temperature. The average annual maximum and minimum temperatures are about 33 0 and 19 0 C, respectively. The normal annual rainfall of the Belgaum meteorological station, which is the nearest to the Malaprabha sub-basin, is 1339 mm out of which 77.8 per cent is received during monsoon season while 11.5 per cent during post-monsoon season. The remaining rainfall is received during the summer months since winter (January-February) rainfall is absent in this region. The watershed covers an area of 3719.25 sq. km. The Dharwar series is the main rock type in the sub-basin. The area has predominantly shallow to very deep black soil along with red and sandy soils (CGWB, 2007) . The laterite soils are common, especially towards the eastern part of the basin. The western part of the sub-basin is predominantly covered with evergreen and deciduous forests. There are three distinct cropping seasons, namely Kharif (April to September), Rabi (October to December) and Summer (January to March). Major cereal crops grown in this area are paddy, wheat, jowar, bajra, maize, sunflower, etc. and the cash crops grown are sugarcane, cotton, groundnut, soybean and tobacco (Census of India, 2011).
Data
Rainfall:
The rainfall data for Belgaum and Gadag stations were obtained from India Meteorological Department (IMD), Pune for the period 1990 -2017 for the identification of the drought years.
Satellite images:
The study made of images of Landsat satellite's series of sensors (TM, ETM+, OLI, and TIRS) which has been procured from the United States Geological Survey (USGS), Earth Resources Observation and Science (EROS) Centre archives. The digital image analysis was carried out with estimated surface spectral reflectance of red and infrared bands of Landsat, which were already corrected (level 2) for geometric and atmospheric distortions (Masek et al., 2006) while thermal images (level 1) were subjected to atmospheric corrections following Sobrino et al. (2008) and Chander et al. (2009) before calculating the indices s for drought assessment. The satellite images were selected for the winter season since it is the period of the initial manifestation of drought in the study area. Besides, January and February are likely to have cloud-free atmospheric conditions that ensure good quality images.
Methods
The drought and its periods were assessed based on monthly rainfall data while the agriculture drought, status of soil moisture, and the vegetation health were studied using satellite images of the selected years.
Meteorological Drought Identification:
Droughts were identified based on the IMD criteria. Accordingly, a season or year is considered to be a drought if the percentage departure of realized rainfall from normal rainfall is less than -19% (IMD, undated). The drought years were identified based on the departure of annual rainfall from the normal (for 1961-1990 period) rainfall. The monsoon and post-monsoon seasonal rainfall departures from their respective normal were also calculated to explain the variation in vegetation cover and water spread during drought years. The intensities of droughts were determined using the SPI values following McKee et al. (1993) . SPI estimates a standardized departure of actual rainfall with respect to rainfall probability distribution function. Hence this drought indicator enables the comparison of droughts across space and time. A detailed discussion on the method of identification of drought intensity can be found in McKee et al. (1993) .
The annual SPI values are calculated for assessing long term drought persistence in the study area (Zargar et al., 2011) . In addition, the monsoon and post-monsoon seasons SPI values are also calculated to ascertain the influence of seasonal SPI values on vegetation condition and the status of drought during the periods of satellite image analysis. Thus, in addition to annual SPI values, seasonal SPI values are also considered while selecting the years for image analysis. The positive SPI value Tigadi indicates non-drought periods while negative SPI values indicate the drought periods. The annual, monsoon and post-monsoon SPI values were calculated for the period 1990-2017 using annual and monthly rainfall data of IMD station in Belgaum district. The drought severity classification scheme of McKee et al. (1993) modified by Doesken and Kleist (1993) was used to classify SPI values (Table 1 ). The annual SPI values, along with the monsoon and post-monsoon SPI values, were used to select the years for agricultural drought and soil moisture assessment. The satellite images were selected for the months after the post-monsoon season (that is January-February), which falls in the next calendar year. 
Soil moisture assessment:
The soil moisture status regulates the initiation of drought and its progression. The deficit soil moisture is a good indicator of agriculture drought and intensity (Sheffield, 2004; Vyas, 2015) . At high-temperature conditions, the soil moisture quickly depletes, leading to drought and wilting of vegetation. There is a direct relationship between soil moisture and vegetation vigour, which is easily assessable using satellite images. The vegetation-land surface temperature (LST) relationship was first determined as an index of crop water stress by Moran et al. (1994) through field experimental study which was further modified by Sandholt et al. (2002) . They identified a triangular space showing the relation of LST with NDVI to develop a regression equation to determine the soil moisture using satellite images. In this study, following Sandholt et al. (2002) , the soil moisture was assessed using temperaturevegetation dryness index (TVDI), which indicates relative presence or absence of moisture in the soil.
where LST = land surface temperature values for a given year LSTmin and LSTmax = minimum and maximum land surface temperature values for a given year.
The TVDI values range from 0 to 1, and values near to zero indicate soil wetness while it approaches to 1 the soil is near to absolute dryness.
Vegetation Health Index (VHI):
The effect of meteorological drought over large areas can be assessed based on the health of the vegetation (Sholihah et al., 2016) . The health of the vegetation was determined by the vigour of photosynthetic activity, which depends upon the availability of moisture in the soil and insolation conditions. This can be captured in satellite remote sensing and VHI facilitate the determination of phonological characteristics of vegetation (Kogan, 1987) . VHI, a function of vegetation condition index (VCI) (Kogan, 1994) and temperature condition index (TCI), indicates the vegetation health or stress (Kogan, 2002) . The VCI, computed from normalized difference vegetation index (NDVI) values, indicates the effect of moisture on vegetation while the TCI is a function of the LST. Based on the TCI values, temperature related vegetation stress, as well as stress due to excessive wetness, can be retrieved (Singh et al., 2003) . These indices are computed using the following equations.
where NDVI = NDVI values for a given year NDVImin and NDVImax = minimum and maximum NDVI values for a given year
The NDVI is an indicator of vegetation phenology that captures the seasonal dynamics of vegetation (Wang et al., 2017) . As the VCI values increase from lower to higher, the vegetation condition improves from poor to optimal (Singh et al., 2003) . However, VCI alone is not good enough to determine the extent and intensity of drought. The intensity of drought not only contingent on the deficiency of rainfall but also a function of soil moisture and surface temperature conditions, which in turn rest on air temperature. In order to capture these effects, the TCI was calculated.
where LST = LST values for a given year LSTmin and LSTmax = minimum and maximum LST values for a given year
The LSTmin in an area is indicative of the presence of moisture in the soil and thus relative vegetation or crop health while LSTmax indicates the thermal stress that leads to water deficit conditions and consequent vegetation or crop stress.
VHI is resultant of the additive function of VCI and TCI with a coefficient of proportionality for each.
where α = coefficient indicating the proportion of VCI and TCI.
In this study, 'α' coefficient was assumed to be 0.5, since the role of moisture and temperature is equal in determining the vegetation health. In addition, in the present study area, the crop and other vegetation growth cycles are different. In regions where crop and other vegetation growth cycles are different, an equal weight is assumed for VCI and TCI (Kogan, 2001 ).
Drought Intensity Classification:
Based on the VHI values, the drought intensity was assessed. VHI values less than 40 were considered as drought area whereas, above that, it is healthy vegetation. Further, the drought areas ( < 40 VHI values) were categorized into mild (30-40), moderate (20-30), severe (10-20) and extreme (<10) drought regions (Kogan, 2002) . The area estimates were also attempted to understand the spatial extent of these drought severity categories as well as for nondrought areas. The non-drought areas are forest, agriculture areas, or water bodies. The VHI values will be lower for water bodies, similar to drought areas since both NDVI and LST values are low in areas covered by water. In order to overcome this problem, normalized difference water index (NDWI) was calculated to extract the water bodies (McFeeters, 1996) using bands in near-infrared and green wavelengths. NDWI image was used to substitute water submerged areas which were wrongly classified as drought.
ANALYSIS AND DISCUSSION
The analysis of the effect of meteorological drought on soil moisture and agriculture is a three-stage process in which initially drought years and its intensity is determined following the methods discussed above. Subsequently, the soil moisture and the vegetation health status are determined using satellite images of red, infrared, and thermal regions.
Drought and Its Intensity
The drought analysis, based on the IMD criteria, found that 14 out of 28 years were drought years during 1990-2017. Among the drought years identified 2 were mild, 10 moderate and 2 severe. All most all (12) the droughts occurred after the year 2000. It points to the role of global warming on the incidence of droughts since 16 of the 17 warmest years occurred post year 2000 (WMO, 2018). The incidence of moderate drought is more frequent in the study area every one year out of three were drought year since 1990. In addition, 8 years experienced deficit rainfall than the normal. Only 5 years had positive rainfall departure from the normal, out of which 3 years had excess rainfall. These excess rainfall years were prior to 1998.
The results were cross-examined with SPI values for the study period. According to SPI values, 21 years were under different intensities of drought. The analysis of the intensity of the drought found that there were 5, 7, and 9 years of severe, moderate, and mild drought, respectively ( 
Soil Moisture Status
The status of soil moisture and consequent status of agriculture drought during different meteorological drought years was assessed using satellite image-based indices. The analysis of the satellite images for different intensities of meteorological drought and non-drought years has shown that the TVDI ranged from 0 to 0.98 in the study area (Figure 2) . Majority of the study area generally had low soil moisture conditions during the assessment period. It is a signpost of drought proneness of the sub-basin. Spatially higher reaches of the sub-basin had low moisture conditions. These were area devoid of vegetation. In general, there is a close relationship between intensities of meteorological drought and TVDI values. However, in those part of the sub-basin where irrigation water is available, the impact of meteorological drought was either absent or minimal. Lower TVDI values, indicative of good soil moisture, are noticed in the forest and water covered areas while the high values were in and around the barren lands. The higher TVDI values are always found near to the ridges, along the moderate to steep sloping areas or in laterite soils. During the drought years, the TVDI values were as high as 0.98 for these areas. The maximum TVDI values during 2017 (moderate drought year) were only 0.95, indicating marginally better moisture conditions in comparison with the mild and non-drought years. This is mainly due to the improved water availability for irrigation from a large number of reservoirs and energized tubewells that sprang up in this area during the latter part of the assessment period. The effect of mild drought was analyzed for the year 2006, during which the water availability for irrigation was less (Figure 3) . Consequently, soil moisture conditions were lower, even in a cultivated area. On the other hand, during 1994, the non-drought year selected for the present study, the irrigation infrastructure, and water availability was least. A major dam, Tigadi (Figure 1 ), was commissioned in the year 2001, which improved the irrigation potential in the upper Malaprabha sub-basin. During the period 1999-2016, the net irrigated area has grown by 30.5 per cent in the Belgaum district in which the majority of the basin area is located (Figure 3 ). The growth in irrigation infrastructure (mainly tubewells and canals in the command area of reservoirs) resulted in an increase of net cropped area by about 41 per cent. The expansion of agriculture was mainly to the marginal lands, such as barren, that were not cultivated till then. This transformation in agriculture manifested in improved soil moisture that enormously helped to combat the adverse effect of drought in this area. These areas are mainly located in the north-eastern and eastern part of the basin where the moisture status is very low owing to the adverse pedological conditions. The extremely high and high VCI values are observed in the regions of forest and agriculture land with irrigation facilities, showing the optimum vegetation condition. There was higher variation in VCI values within the agriculture areas because of the variations in the soil moisture conditions. The variations in soil moisture stem from the differences in irrigation water availability or non-availability as well as source and frequency of irrigation during different periods of cropping seasons. In addition, rainfall distribution pattern in the months prior to the image acquisition also determined the variations in VCI values. In years that experienced different intensities of drought, the VCI values were found to be lower and of wide range. In contrast, the non-drought year had relatively higher lower bound VCI values. It is also to be noticed that higher VCI values are always in the vicinity of water bodies or along the command areas of reservoirs and other water harvesting structures.
Temperature Stress on Vegetation:
The regions with low TCI values are representing the most favorable condition for drought while high TCI value regions designate unfavorable drought condition. In severe and moderate drought years, more pixels came under the range of low TCI values compared to mild and non-drought years. This wide range of lower TCI values specifies the areas that are under the impact of thermal-stress. The northern and north-eastern regions of the watershed had low TCI values, suggestive of higher drought intensities ( Figure 5 ). These areas, in general, have steeper slopes, exposed soils and least moisture holding capacity. The non-drought year was showing maximum pixels in the range of higher TCI values demonstrating least moisture stress conditions. During different drought intensity years, the southeast and south-central regions of the sub-basin were under low TCI (mild to severe drought) conditions. These areas were under high TCI value during the non-drought year, showing the presence of vegetation during that time.
Figure 5. Variation in temperature conditions index during different drought intensity and non-drought conditions.
Agricultural Drought:
The impact of meteorological drought on agriculture was analyzed through VHI, which was estimated by integrating the indices VCI and TCI. The VHI point to the overall vegetation health. The areas having lower (<40) VHI values are prone to drought. During the analysis years, the study area is mainly showing moderate to mild agriculture drought conditions, while severe drought condition is observed only in very small portions ( Figure 6 ). Even in the year of severe meteorological drought, the impact on agriculture was relative less since the majority of the sub-basin experienced only moderate to mild agricultural drought. The severe agriculture drought area is confined to higher elevation along the catchment boundary in the northeast where either the soil thickness is less or the area has exposed lateritic soil. 
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The International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XLII-3/W6, 2019 ISPRS-GEOGLAM-ISRS Joint Int. Workshop on "Earth Observations for Agricultural Monitoring", 18-20 February 2019, New Delhi, India moisture constancy in the study area. During different drought intensity years, considered (as per SPI values) in this study, the shift in the area mainly occurred among moderate, mild, and nondrought areas. As we transit from severe drought to non-drought year, the non-drought areas are significantly increasing while drought areas are decreasing (Table 3) . Simultaneously, there was a progressive increase in the submerged area of water harvesting structures from the drought to non-drought years. Among the drought classes, the change is mainly happening in the moderate drought areas which are shifting either to mild or non-drought areas depending upon the degree of rainfall deficiency, especially during the post-monsoon season. The impact of meteorological drought and its manifestation in agricultural areas depends upon soil moisture conditions, which is contingent upon whether irrigation water is locally available in the area or not. It also depends on whether the deficiency in rainfall occurs during the agricultural season or not. The postmonsoon rainfall deficiency has greater soil moisture stress, and the following agriculture season gets severely affected by the drought. Another important land cover change observed during the span of study years between 1994 and 2017 is the increase in the number of artificial water bodies. Since 1994 many decentralized water harvesting structures, as well as irrigation infrastructures (Figure 3 ), were constructed in this sub-basin. These infrastructures were instrumental in offsetting the impacts of meteorological droughts on agriculture in the study area. Along with variations in different agriculture drought classes, large scale variations in the water spread area is also observed in various drought and non-drought years. An analysis, based on NDWI, showed lesser water extent in drought years as compared to non-drought years. The areas of lateritic exposure in the subbasin consistently showed drought conditions irrespective drought and non-drought years. This is primarily due to the low moisture retention capacity of these soils to support vegetation/crop growth. Thus it can be concluded that the effect of meteorological drought on agriculture is contingent upon many factors such as the distribution of the pattern of rainfall, antecedent soil moisture conditions, and availability of irrigation infrastructure. With variation in time, spatial variation within different drought classes is also seen due to the alteration in the intensity of the different climatic factors governing the vegetation health. The increase in irrigation facilities over time, especially after the year2000, in the sub-basin lessened the impact of meteorological drought on agriculture even during the severe conditions.
CONCLUSIONS
The study attempted to analyze the agriculture drought in the Malaprabha sub-basin. There were widespread drought conditions in this area. The occurrence and intensity of drought varied over time and space. The agricultural drought conditions closely associated with the meteorological drought experienced in the basin. However, the impact of meteorological drought conditions on agriculture reduced over time in the sub-basin due to the widespread increase in irrigation facilities. The increase in surface irrigation and extraction of groundwater significantly not only reduced the intensity of the impact of droughts on agriculture but also resulted in declining spatial extent. In the earlier periods of study, the agricultural droughts were more conditioned by the distribution pattern of rainfall. If the postmonsoon rainfall was around the normal or above, then the chances of widespread agriculture drought was less. On the other hand, if the post-monsoon rainfall is below normal, invariably, the agricultural drought intensity and spatial occurrence were higher. In contrast, in recent times the effect of severe meteorological drought in the sub-basin was less due to the increase in irrigation water security in the area from the surface and underground sources. The spatial variations in the intensity of agricultural drought was conditioned by the degree of exposure of the land surface to solar radiation. Areas of lateritic exposure are still more prone to agriculture drought since their water retention capacity is less.
The results of this study indicate the usefulness of the satellite image-based indices such as TCI, VCI, and VHI for agrometeorological drought assessment and its effective spatial monitoring. In addition, these indices are also beneficial in concurrent assessment and diagnosis of the impact of soil water deficiency and effect of high atmospheric temperature on the phenology of crops and other vegetation and in turn agriculture drought assessment, its intensity, and spatio-temporal variations.
The area-specific long term historical drought information and their effect on agriculture is not available in developing and less developed countries. The satellite-based agricultural drought indices are very useful for historical analysis of the characteristics of droughts and their effects on soil moisture, agricultural crops, and even the natural vegetation. The historical agriculture drought information is also useful for insurance companies to make an informed decision on designing appropriate area specific insurance products and also to verify the crop damage/loss claims of the farmers.
